The majority of patients with systemic mastocytosis exhibit a D816V mutation in the activating loop of the Kit receptor expressed on mast cells. The Kit ligand regulates mast cell survival by transcriptional repression of the proapoptotic BH3-only protein Bim and by promoting Bim phosphorylation that makes it vulnerable for proteasomal-dependent degradation. We investigated here whether prevention of Bim degradation by a proteasomal inhibitor, MG132, would induce apoptosis in mast cells with the D816V mutation. Human umbilical cord blood-derived mast cells (CBMCs) with wild-type (wt) Kit and two different subclones of the human mast cell line-1 (HMC-1) were used for the study: HMC-1.1 with the V560G mutation in the juxtamembrane domain and HMC-1.2 carrying the V560G mutation together with the D816V mutation. MG132 at 1 lM induced apoptosis in all cell types, an effect accompanied by increased BH3-only proapoptotic protein Bim. The raise of Bim was accompanied by caspase-3 activation, and a caspase-3 inhibitor reduced MG132-induced apoptosis. Further, MG132 caused a reduction of activated Erk, a negative regulator of Bim expression, and thus Bim upregulation. We conclude that decreased phosphorylation and increased levels of Bim overcome the prosurvival effect of the D816V mutation and that the results warrant further investigations of the clinical effects of proteasomal inhibition in systemic mastocytosis.
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The majority of patients with systemic mastocytosis exhibit a D816V mutation in the activating loop of the Kit receptor expressed on mast cells. The Kit ligand regulates mast cell survival by transcriptional repression of the proapoptotic BH3-only protein Bim and by promoting Bim phosphorylation that makes it vulnerable for proteasomal-dependent degradation. We investigated here whether prevention of Bim degradation by a proteasomal inhibitor, MG132, would induce apoptosis in mast cells with the D816V mutation. Human umbilical cord blood-derived mast cells (CBMCs) with wild-type (wt) Kit and two different subclones of the human mast cell line-1 (HMC-1) were used for the study: HMC-1.1 with the V560G mutation in the juxtamembrane domain and HMC-1.2 carrying the V560G mutation together with the D816V mutation. MG132 at 1 lM induced apoptosis in all cell types, an effect accompanied by increased BH3-only proapoptotic protein Bim. The raise of Bim was accompanied by caspase-3 activation, and a caspase-3 inhibitor reduced MG132-induced apoptosis. Further, MG132 caused a reduction of activated Erk, a negative regulator of Bim expression, and thus Bim upregulation. We conclude that decreased phosphorylation and increased levels of Bim overcome the prosurvival effect of the D816V mutation and that the results warrant further investigations of the clinical effects of proteasomal inhibition in systemic mastocytosis. Mastocytosis is a myeloproliferative disease that is characterized by an abnormal accumulation of mast cells in various tissues, for example, bone marrow, skin and spleen. The disease exists in many variants and WHO has classified it into two main variants: cutaneous mastocytosis and systemic mastocytosis (SM), which is further divided into several subgroups. 1 Patients with indolent SM can be treated with antimediator drugs, whereas no effective treatment exists today for those with aggressive mastocytosis or mast cell leukemia. 2, 3 The majority of patients with SM (more than 80%) harbor an activating mutation in c-kit, the gene coding for Kit, which is the receptor for stem cell factor (SCF). The most common mutation (490%) is the D816V mutation that causes substitution in the activating loop of an aspartic residue with a valine residue, leading to an autoactivation of the receptor. 4, 5 In view of the fact that the gain-of-function mutations in Kit is so common in SM and has a key role in the pathogenesis, the D816V mutation represents an attractive drug target for SM. The small molecular inhibitor imatinib mesylate (Gleevec, Novartis, Basel, Switzerland) has been tested in both preclinical and clinical studies on D816V mutations and found to be ineffective. 6, 7 This is in sharp contrast to the strong effect of Gleevec on Kit with mutations in the juxtamembrane region that is common in gastrointestinal stromal tumors. 8 Several other potential drug candidates with the ability to either inhibit the D816V mutation directly or to inhibit downstream targets that regulate mast cell proliferation and/or survival has recently been tested. 3 These drugs include tyrosine kinase inhibitors such as dasatinib (SPRYCEL, Bristol-Myers Squibb, Princeton, NJ, USA), 9, 10 Exel-0862, 11 SU-5416, 12 PKC412, 13, 14 AMN107 15 and AP23464. 16 The ligand-independent autoactivation of Kit that is caused by the D816V mutation leads to the activation of several downstream signaling pathways, which is why inhibition of any of those could be a plausible target. Inhibition of the mammalian target of rapamycin (mTOR) by rapamycin was described to induce apoptosis in mast cells with D816V mutations. 17 Likewise, cells with the D816V mutation have a constitutively active NF-kB, and inhibition of this pathway suppresses proliferation in cells with mutated Kit. mast cells with the D816V mutation and thereby induce apoptosis in the cells. For these studies, we used cord bloodderived mast cells (CBMCs) with wt Kit, and two variants of the human mast cell line-1 (HMC-1):
22 HMC-1.1 that has a mutation in the juxtamembrane region (V560G) and HMC-1.2 with the V560G mutation together with the D816V mutation in the catalytic domain. 5, 23 Besides Bim we also investigated the expression levels of Puma, another BH3-only protein that we recently demonstrated to be involved in mast cell apoptosis. 24 Here we provide evidence that the proteasome inhibitor MG132 increases the expression of Bim, reduces Erk and Kit activation and causes a caspase-3-dependent apoptosis, even in mast cells with D816V mutations.
Results
MG132 inhibits cell growth of HMC-1.1, HMC-1.2 and CBMCs. HMC-1.1 and HMC-1.2 cell lines with V560G and V560G þ D816V Kit mutations, respectively, were cultured in the presence of the proteasome inhibitor MG132 and the cell growth was enumerated by calculating the number of viable cells. We found that the cell number dropped dramatically both in HMC-1.1 and HMC-1.2 cells, as well as in SCFtreated CBMCs with wt Kit (Figure 1 ). The percentage of input cell number after 48 h treatment with MG132, 1 or 10 mM, had declined from 100% at time point zero to 29.9±14.0% and 33.6±18.3% in HMC-1.1; 50.5±11.7% and 40.8 ± 12.6% in HMC-1.2; 37.6 ± 1.9% and 3.2 ± 0.9% in CBMCs, respectively. At 72 h, very few viable cells remained in the cultures.
Treatment with MG132 induces apoptosis in mast cells with mutated Kit. We next investigated if the effect of MG132 was due to cytotoxicity. We could not detect the release of lactate dehydrogenase (LDH) from MG132 (1 and 10 mM)-treated HMC-1.1, HMC-1.2 or CBMCs, suggesting that MG132 is not cytotoxic to the cells (data not shown). To explore if the loss in cell number was due to apoptosis, the cells were stained with propidium iodide (PI) and Annexin V. Velcade has a pronounced effect on HMC-1.2 cell survival. The proteasome inhibitor Velcade (bortezomib), used in clinical applications, was tested for its efficacy on HMC-1.1, HMC-1.2 and CBMCs. A dose-dependent decrease in cell survival was detected for all cell types tested ( Figure 3 ). However, the sensitivity to the drug differed between the three cell types. At 48 h, Velcade caused pronounced apoptosis in HMC-1.2, intermediate cell death in HMC-1.1 and the CBMCs were the least sensitive to the drug at all concentrations tested ( Figure 3 ).
Bim and Puma expression and Erk and Kit activation is changed upon MG132 treatment. We have earlier demonstrated that Bim and Puma are involved in regulating growth factor deprivation-induced apoptosis in murine mast cells, 24, 25 and that SCF regulates mast cell survival through inhibition of Bim. 19 To examine if the drop in cell number and induction of apoptosis after MG132 treatment was accompanied by induction of the BH3-only proteins Bim and Puma, we performed western blot analyses. At steady state, some Bim protein could be detected in HMC-1.1 and HMC-1.2 cells, where Bim appears to be in a phosphorylated state ( Figure 4) . A prominent increase in Bim expression was seen already after 8 h of MG132 treatment in all mast cells tested (data not shown) and the expression levels increased over time (Figure 4 ). We observed a difference in the phosphorylation of Bim in MG132-treated HMC-1 cells and CBMCs. In cells with mutated Kit, MG132 treatment leads to induction of Bim that was primarily not phosphorylated, whereas in CBMCs most of Bim was in phosphorylated state.
In contrast to the strong upregulation of Bim upon MG132 treatment, an increase in Puma was not detected. After 24 h of MG132 treatment, the Puma levels were comparable to background control or a slight decrease of Puma was seen after 10 mM MG132 treatment in HMC-1.2 ( Figure 4) . In CBMCs, a small increase of Puma was detected at 1 mM, but at 10 mM of MG132 the levels were back to background or slightly lower (Figure 4) .
We have previously shown that SCF regulates Bim through the PI3-kinase and MEK/MAPK signaling pathway. 19 Recently, MG132 treatment was also shown by others to cause reduced Erk activation in glioma cells. 26 To explore the involvement of MEK/MAPK signaling in MG132-mediated Bim regulation, both HMC-1 subclones were pretreated with 40 mM of the MEK inhibitor PD98059 before adding MG132. The inhibitor reduced Erk activation in both HMC-1.1 and HMC-1.2 cells ( Figure 5 ). MG132 alone also decreased Erk phosphorylation, and in combination with PD98059, this reduction was even more prominent. Restricted Erk was accompanied by a decrease of Bim phosphorylation and thus an increase in Bim expression. As MG132 alone had an effect on the phosphorylation of Erk, we investigated if MG132 could also affect the autophosphorylated Kit in HMC-1.1 and HMC-1.2. After 24 h treatment with MG132 (1 and 10 mM), both HMC-1 cell lines exhibited reduced phosphorylation of Kit where the HMC-1.1 cells were more sensitive, with reduced phosphorylation of Kit at already 1 mM MG132 treatment (data not shown).
Thus, not only does the proteasome inhibitor MG132 inhibit Bim protein degradation but it also seems to facilitate increased expression of Bim by inhibiting the phosphorylation of Erk and Kit, and thus receptor activation.
MG132-induced caspase-3 activation and apoptosis is reduced by pretreatment with a caspase inhibitor. Induction of apoptosis via the Bcl-2-family-regulated pathway, where the BH3-only proteins are active, finally leads to the activation of effector caspases, including caspase-3.
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Activation of caspase-3 can be determined by western blot analysis of cleavage of procaspase-3. Proteasome inhibition by MG132 treatment for 24 h led to caspase-3 cleavage in HMC-1.1, HMC-1.2 and CBMCs (Figure 6a ). This suggests that increased levels of Bim leads to caspase-3 activation and cell death also in mast cells with autoactivated Kit.
Caspase activity can be blocked by the z-VAD-fmk inhibitor. To investigate if apoptosis upon MG132 treatment was induced via activation of caspase-3, we included z-VAD-fmk to the cultures and measured cell viability after 48 h. As shown in Figures 6b, cell viability was increased in MG132-treated cultures where 100 mM z-VAD-fmk was included, suggesting that apoptosis is induced, at least in part, via a caspase-3-dependent pathway.
siRNA targeting Bim reduces MG132-induced apoptosis in mast cells. To investigate the importance of Bim in mediating cell death after MG132 treatment, HMC-1.1 and HMC-1.2 were transfected with siRNA targeting Bim or a control siRNA. Both HMC-1.1 and HMC-1.2 transfected with Bim siRNA survived better than the cells transfected with control siRNA upon MG132 treatment (Figures 7a and b) . Bim protein expression in both HMC-1.1 and HMC-1.2 was also markedly reduced compared with cells transfected with control siRNA (Figures 7c and d) .
Discussion
This study demonstrates that the proteasome inhibitor MG132 impedes with cell growth and causes cell death in normal CBMCs and neoplastic HMC-1 mast cells. The cell death is mediated through the mitochondrial pathway of apoptosis by induced Bim expression, caspase-3 activation and repressed Kit and Erk phosphorylation.
The survival of mast cells is dependent on the continued delivery of SCF by the surrounding stromal cells. However, neoplastic mast cells in mastocytosis have developed a system to overcome SCF dependence and still survive. Most mastocytosis patients have a point mutation or mutations in c-kit, the gene encoding the SCF receptor Kit. 3 This mutation makes Kit autoactivated, even in the absence of SCF, which enables the receptor to keep up the prosurvival signaling as well as mast cell survival and proliferation. The results of our study show that in mast cells with wt Kit and in HMC-1 with autoactivated Kit, MG132 can inhibit cell growth and induce cell death. The suppression of cell survival is restricted not only to mast cells with the D816V mutation but is also seen with the other V560G mutation and in SCF-stimulated CBMCs with wt Kit.
SM patients with the D816V mutation in c-kit are usually poor responders to therapeutics. 28 Small molecular inhibitors have been tested with various results, but still new improved therapies are needed. 13, 29 As the proteasome inhibitor MG132 in our study reduced cell survival in all mast cells tested, we also tested Velcade, a proteasome inhibitor used in the clinic. Velcade is mainly used in multiple myeloma as a means to overcome resistance and induce sensitivity when Proteasome inhibition-mediated apoptosis in neoplastic mast cells C Möller Westerberg et al used in combination with a variety of other chemotherapeutic agents. 30 In our study, HMC-1.2 mast cells, with both the V560G and D816V mutations in c-kit, were most sensitive to the drug compared to HMC-1.1 with the V560G mutation. The CBMCs with wt Kit were the least responsive cells. This is in accordance with previous preclinical studies that have demonstrated that neoplastic cells are more susceptible to the cytotoxic effects of proteasome inhibition than normal cells. 31 One proposed mechanism behind this is that malignant cells take advantage of the proteasome to overcome proliferative regulation and escape apoptosis. Moreover, tumor cells are highly proliferative and thereby have more protein synthesis, and thus accumulation of proteins would make them more vulnerable to proteasome inhibition. This also corresponds to the sensitivity of the different mast cells in our study where the HMC-1.2 cell line is highly proliferative and at the same time most sensitive to proteasome inhibition compared with the slow proliferating HMC-1.1 cell line and CBMCs with low/no proliferation.
Although SCF has a major role in supporting mast cell survival and proliferation, the mechanisms behind this are only partially understood. We have earlier reported that mouse mast cell survival and apoptosis is regulated by the BH3-only proteins Bim and Puma. 19, 24 We have also demonstrated that SCF regulates the expression of Bim on two levels, both through repression of its transcription by phosphorylation of the transcription factor Foxo3A and by phosphorylation of Bim, which makes it vulnerable for proteasomal degradation. 19 In this study, MG132 caused an increase of Bim protein, but had low effects on Puma in CBMC, HMC-1.1 cells and HMC-1.2 cells. A decrease in phosphorylated Bim was also detected. Our results are in agreement with a previous publication by Aichberger et al. 14 where they also demonstrated an effect of Bim and mast cell survival after proteasomal inhibition. In addition to their study, we also explored the signaling pathways involved in MG132-mediated mast cell apoptosis. We investigated the MEK/ MAPK signaling pathway that we have earlier seen regulate Bim.
19 MG132 treatment led to decreased phosphorylation and thus reduced activation of Erk in both HMC-1.1 and HMC-1.2. In combination with MG132, the MEK/MAPK inhibitor PD98059 induced more Bim than when used alone. Thus, MG132 functioned beyond proteasome inhibition and somehow affected the mast cell signaling. This result is in accordance with another study where they found that the Erk and Akt signaling pathway is downregulated by MG132 in glioma cells. 26 Proteasome inhibitors have also been demonstrated to induce apoptosis in neoplastic cells when used as a single agent and induce sensitivity to other chemotherapeutic agents in combination. 32 Interestingly, MG132 also reduced Kit phosphorylation, which to our knowledge has not been reported before.
To provide evidence that Bim is involved in regulating mast cell survival upon MG132 treatment, the expression of Bim was silenced by siRNA transfection. After transfection, the ability of MG132 to induce apoptosis in the HMC-1 cell lines was markedly reduced compared with cells transfected with control siRNA. Mast cells transfected with Bim siRNA survived significantly better than the cells transfected with control siRNA upon treatment with 1 or 10 mM MG132 treatment, but still a high degree of apoptosis could be measured. These data, together with only partial protection of the pancaspase inhibitor z-VAD-fmk from MG132-induced cell death, suggest that additional so far unknown mechanism/s are involved in MG132-induced mast cell apoptosis, which still needs to be investigated.
Since the proteasomal pathway is critical for the degradation of about 80% of intracellular proteins and proteasome inhibition has been demonstrated to restrict growth of various cancer cell lines, it has emerged as a promising target for anticancer therapies. Bim is known to be degraded through the proteasomal pathway and has been identified as an important tumor suppressor protein in different myeloid neoplasms. 14, 21, [33] [34] [35] Moreover, Bim is often suppressed by disease-related oncogenes in nepolastic cells, 21, 34, 35 and to overcome this, by proteasomal inhibition, could be a way to regulate different types of malignancies. Hence, this might be a way to regulate signaling from the autoactivated Kit in mastocytosis, and to overcome drug resistance, especially in SM patients with few/no effective therapies.
Conclusions
Our results demonstrate that neoplastic mast cells are sensitive to proteasome inhibition. This could be used to improve treatment of mastocytosis patients, especially those with SM.
Materials and Methods Mast cell cultures. After informed consent from the donors, human umbilical cord blood was obtained and used for the development of CBMCs as described previously. 36, 37 Mast cells were either developed by culturing the mononuclear cell population for 8-10 weeks in RPMI 1640 medium (Sigma Chemicals Co., St. Louis, MO, USA) supplemented with 10% FCS (Gibco, Paisley, UK), 50 ng/ml SCF (Biosource International Inc., Camarillo, CA, USA) and 10 ng/ml IL-6 (PeproTech, London, UK), or by culturing CD34-selected cells in serum-free StemPro medium (Gibco) supplemented with 30 ng/ml IL-3 (for the first week only), 50 ng/ml SCF and 10 ng/ml IL-6. Mast cell development was evaluated by staining for the mast cell-specific serine proteinase tryptase, as described previously. 37 The purity of mast cells exceeded 95% when used in the experiments. The use of CBMCs was approved by the ethics committee at the Uppsala University Hospital.
The human mast cell lines, HMC-1.1 and HMC-1.2, were maintained in IMDM (Sigma) supplemented with 10% FCS, 2 mM L-glutamine, 100 IU/ml penicillin/ streptomycin and 1.2 mM monothioglycerol (Sigma). 23 The cells were passed twice a week.
Analysis of cell growth. For cell growth measurements, the cells were seeded at 1 Â 10 6 cells per ml. The number of living cells produced each day for 3 days (0-72 h) was determined by trypan blue exclusion.
LDH cytotoxicity test. Cells were exposed in 96-well plates at a density of 0.5 Â 10 6 cells per ml. Two controls were included for each cell line and primary cells. One control consisted of cells in medium only (spontaneous release), whereas the second control was a measurement of maximum LDH release. Cells were incubated with MG132 (Calbiochem, Merck Chemicals Ltd, Nottingham, UK) (0.1, 1 10 and 100 mM) in a humidified atmosphere, 5% CO 2 and 37 1C, and after 24 h, the samples were analyzed by flow cytometry or by absorbance measurements at 492 nm.
Analysis of cell survival and apoptosis. To monitor apoptosis, HMC-1.1, HMC-1.2 and CBMCs were stained with PI (2 mg/ml) plus FITC-conjugated Annexin V (0.3 mg/ml) and analyzed in a FACScan (Becton Dickinson, San Jose, CA, USA). The number of viable cells after 6, 24, 48, 72 and 96 h of MG132 (Calbiochem), Velcade (Johnson & Johnson, New Brunswick, NJ, USA), proteasome inhibitor z-VAD-fmk (Calbiochem) and Bim siRNA treatment was counted by FACScan analysis. As a control, the viability of the mast cells was measured in the absence of MG132 or Velcade.
Western blot. The cells were treated with 0, 1 or 10 mM MG132 and/or with 40 mM of the MEK/MAPK inhibitor PD98059 (Calbiochem Novabiochem, La Jolla, CA, USA) for the indicated periods of time. After incubation, the mast cells were lysed in SDS lysis buffer (62.5 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% glycerol, 50 mM DTT, 0.01% (w/v) bromphenol blue), and sonicated on ice. The phosphorylation and/or the total amount of proteins of interest were studied by western immunoblotting using a NuPAGE Bis-Tris western gel (NOVEX, Life Technologies, CA, USA). After electrophoresis, the proteins were electroblotted onto nitrocellulose membranes (Hybond ECL; GE Healthcare, Uppsala, Sweden). After transfer, filters were blocked in Tris-buffered saline containing 5% (w/v) non-fat dry milk and 0.1% Tween-20. Membranes were then incubated with 
